Abstract: Photochemically mediated reversible-deactivation radical polymerization of methyl methacrylate was successfully performed using 50-400 ppm of various copper compounds such as CuSO4·5H2O, copper acetate, copper triflate and copper acetylacetonate as catalysts. The copper catalysts were reduced in situ by irradiation at wavelengths of 366-546 nm, without using any additional reducing agent. Bromopropionitrile was used as an initiator. The effects of various solvents and the concentration and structure of ligands were investigated. Well-defined polymers were obtained when at least 100 or 200 ppm of any catalyst complexed with excess tris(2-pyridylmethyl)amine as a ligand was used in dimethyl sulfoxide as a solvent.
Introduction
Atom transfer radical polymerization (ATRP) is one of the most powerful reversible-deactivation radical polymerization (RDRP) techniques. In recent years, many variations of ATRP have been OPEN ACCESS developed [1] [2] [3] [4] . ATRP with activators generated by electron transfer (AGET) enables the use of the air-stable forms of catalyst complexes, which are reduced in situ to their respective activators by various reducing agents [1, 2] . This principle was found to also be applicable for systems with diminished metal catalyst concentrations as low as 10 ppm in activators regenerated by electron transfer (ARGET) or initiators for continuous activator regeneration (ICAR) ATRP [3] [4] [5] . These systems are employed in the presence of an excess amount of reducing agent, whereas metal activators are continuously regenerated from metals in higher oxidation state deactivators. RDRP has also been performed in polar solvents such as dimethyl sulfoxide (DMSO) or water, in the presence of elemental metals such as copper or iron. Two mechanisms have been proposed for RDRP in the presence of Cu 0 in polar solvents [6] . In the first mechanism, called single electron transfer living radical polymerization (SET-LRP), Cu 0 acts as a major activator of alkyl halides and Cu Regardless of which mechanism is correct, RDRP in the presence of elemental metals provides high polymerization rates with high monomer conversions even when carried out at room temperature.
In recent years, continued effort to extend the possibilities of regulating activation and deactivation steps in ATRP has led to the investigation of various external stimuli such as pressure and electrochemical or photochemical parameters. The use of photochemical stimuli in polymerization has particular advantages because photochemical processes are extremely fast, no volatile organic compounds are usually released, and photochemical initiation can be performed at low temperatures with a highly specified course of polymerization, etc. [7, 8] . In the past, only a few studies have investigated photochemically initiated ATRP. As a first, Qin et al. reported a photo ATRP-initiating system consisting of 2,2-dimethoxy-2-phenylacetophenone (DMPA)/ferric tri(N,N-diethyldithiocarbamate) [Fe(dtc)3] for the polymerization of methyl methacrylate (MMA) [9] . Dithiocarbamates in combination with a copper catalyst were used in the photo ATRP of MMA and t-butyl methacrylate (BMA) by Kwak et al. [10] and Ishizu et al. [11] . The Yagci group [12, 13] described the in situ photochemical reduction of CuBr2/PMDETA (pentamethyldiethylenetriamine) to a CuBr/PMDETA activator, which subsequently activated an R-Br initiator and initiated the polymerization of MMA at ambient temperature. In addition, the polymerization was observed to be accelerated under irradiation [13] [14] [15] . In all of these studies, however, the copper catalyst and the initiator were used in equimolar amounts. Recently, our group reported that photochemically mediated ATRP of MMA in anisole can be performed with 50-100 ppm of CuBr2/L catalyst while preserving good control over the molar mass and obtaining a narrow dispersity [15] . More recently, the Matyjaszewski group extended this work by investigating the application of several wavelengths in the visible light region for the polymerization of various monomers in dimethyl formamide (DMF) [16] . Very recently, the photopolymerization of various acrylates mediated by copper bromide catalyst was performed in DMSO, and it was shown that an excess amount of the ligand used is needed for polymerization [17] [18] [19] . Generally, using a photochemically induced RDRP system (photoRDRP) with a low concentration of catalyst has the advantages of reducing the amount of environmentally harmful chemical reducing agents required and avoiding problems associated with the removal of a large amount of catalyst from the polymer product.
In this work, we studied the applicability of copper compounds other than copper halides for the photoRDRP of methyl methacrylate in DMSO. In particular, a low-cost and widely available catalyst, copper sulfate pentahydrate (CuSO4·5H2O), was investigated, and good control over molar mass and dispersity was observed. Finally, the work was extended by investigating the applicability of various organic copper compounds, which have the advantage of exhibiting better solubility in organic solvents.
Experimental Section

Materials
Methyl methacrylate (MMA) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and purified before use by passing through a basic alumina column to remove the inhibitor.
1,1,4,7,10,10-hexamethyltriethylenetetraamine (HMTETA), copper sulfate pentahydrate, copper triflate (Cu(OTf)2), copper acetylacetonate (Cu(acac)2), copper(II) bromide, copper acetate (Cu(OAc)2) (all from Sigma-Aldrich), copper(II) chloride (Acros Organics, Geel, Belgium) and dimethyl sulfoxide (DMSO) (Alfa Aesar, Ward Hill, MA, USA) were used as received. All other reagents and solvents were purchased from Sigma-Aldrich and used as received without further purification.
Photopolymerization
The following procedure for the photoRDRP of MMA was used. To a 10-mL Schlenk tube containing copper catalyst, evacuated and filled with argon, ligand and argon-purged solvent were added under an argon atmosphere. When a solid ligand was used, it was introduced into the flask at the beginning together with the catalyst. The mixture in the Schlenk tube was stirred for 15 min to form a copper catalyst/ligand complex. Then, the initiator BPN and MMA purged with argon were added to the Schlenk tube under an argon atmosphere, and the mixture was subsequently degassed by three freeze-pump-thaw cycles and back-filled with argon. Photopolymerization using light with a wavelength of λ > 350 nm (i.e., irradiation at λ = 366, 405, 408, 436 and 546 nm) was performed using a medium-pressure mercury lamp in a Spectramat apparatus (Ivoclar AG, Schaan, Liechtenstein, glass filter λ = 350-550 nm). To prevent heating of the sample during irradiation, the Schlenk tube was placed in a double-layer glass tube. In the outer layer of the tube, water thermostatted to 25 °C was circulated. With such a cooling system, the temperature of the reaction mixture during the photopolymerization process slightly increased but remained between 30 and 35 °C. The distance of each sample from the arc was approximately 10 cm. The power of the light measured at the sample position was approximately 20 mW·cm 
Preparation of a Macroinitiator and Chain Extension
A poly(methyl methacrylate) macroinitiator (PMMA-Br) was prepared using similar procedures to those described above with an MMA/BPN/CuSO4·5H2O/TPMA ratio of 200/1/0.04/0.16 in 25 vol% DMSO. A PMMA-Br with a Mn of 14,300 g/mol and an Mw/Mn of 1.20 (62% conversion at 3.5 h polymerization) was obtained after passing through an activated neutral alumina column, followed by precipitation in n-hexane. Chain extension of the PMMA-Br with MMA was performed using an MMA/PMMA-Br/CuSO4·5H2O/TPMA ratio of 600/1/0.12/0.48 in 50 vol% DMSO.
Analysis
The molar mass and dispersity of the polymers were analysed using gel permeation chromatography (GPC); the set-up consisted of a Waters (Milford, MA, USA) 515 pump, two PSS (Polymer Standard Service-USA Inc., Amherst, MA, USA) SDV 5-μm columns, d = 8 mm, l = 300 mm; porosity: 500 Å + 10 5 Å) and a Waters 410 differential refractive index detector with tetrahydrofurane (THF) as an eluent at a flow rate of 1.0 mL/min. Poly(methyl methacrylate) standards were used for calibration. 
Results and Discussion
Photopolymerization of MMA Using CuSO4·5H2O/TPMA Catalyst Complex in Various Solvents
Recently, it was published that CuSO4·5H2O was able to control the polymerization of methyl methacrylate when a reducing agent, such as ascorbic acid or Fe 0 , was used [20] . In that study, however, a large amount of the copper catalyst, in an equimolar ratio to an alkyl halide initiator, was used. Therefore, in our study, we decided to investigate the possibility of finding the polymerization conditions for photochemically mediated RDRP using only ppm amounts of CuSO4·5H2O. UV-vis light with wavelengths over 365 nm was used to photochemically reduce the catalyst without addition of any other reducing agent.
Initially, three different solvents, anisole, DMF and DMSO, were tested to select the best one for all further studies. Based on our previous experience, BPN and TPMA were used as an initiator and ligand, respectively, for these experiments. The CuSO4·5H2O catalyst was used at a concentration of 8.5 × 10 −4 mol/L (200 ppm with respect to monomer). It should be noted that even though the amount of CuSO4·5H2O/TPMA complex used was completely soluble in pure DMSO, after the addition of MMA it was partially precipitated. On the other hand, in pure anisole, the CuSO4·5H2O/TPMA complex did not completely dissolve. As shown in Figure 1a , the photoRDRP of MMA in anisole was the slowest, whereas in DMSO it was much faster than that in either anisole or DMF. In all cases, the polymerization did not follow first-order kinetics, but an increase in polymerization rate with time was observed. This trend could likely be explained by the progressive dissolution of all insoluble parts of the CuSO4·5H2O/TPMA complex due to the progressive reduction of the soluble part of the CuSO4·5H2O/TPMA complex. When the content of DMSO was increased from 25 vol% to 75 vol% to increase the solubility of the complex, the polymerization followed first-order kinetics (see Figure 1a) . In Figure 1b , it is shown that although the molar masses agree well with the theoretical ones and a dispersity of approximately 1.2 was obtained in DMSO, in DMF the polymers with slightly higher molar masses and slightly broader dispersities were formed. Contrary to those in anisole, polymers with much higher molar masses and dispersities of approximately 2 were obtained. The reason may be the very low solubility of the CuSO4·5H2O/TPMA complex in anisole leading to an insufficient amount of the catalyst in the system and/or the insufficiently fast formation of the CuBr2/TPMA deactivator. To confirm the formation of CuBr2/TPMA deactivator in situ after the photochemical reduction of the CuSO4·5H2O/TPMA complex and subsequent abstraction of bromide from the alkyl bromide initiator, changes in the UV-vis spectra after various periods of irradiation in DMSO were monitored. As shown in Figure 2 , the original spectra of the CuSO4·5H2O/TPMA complex varied during irradiation. A progressive increase in absorbance in the region of 700-800 nm was observed, whereas a shoulder in this region, typical for the CuSO4·5H2O/TPMA complex, transformed after 60 min of irradiation into an absorption peak at λmax = 742 nm. A similar spectrum featuring an absorption peak at λmax = 742 nm is typical for CuBr2/TPMA complex.
Effect of Ligand Content and Ligand Structure on Photopolymerization of MMA Using CuSO4·5H2O Catalyst
Based on the above-described results, DMSO was chosen as a solvent for all further studies. It was recently reported that excess ligand was essential to the photoRDRP of acrylates when a CuBr2/Me6TREN catalytic complex was used in DMSO [18, 19] . Therefore, we tested how the CuSO4·5H2O/TPMA ratio affected the polymerization of MMA. As shown in Figure 3 , the polymerization was slightly faster when excess ligand was used. In addition, although with excess ligand the molar masses agreed well with the theoretical ones, in the case of an equimolar ratio of ligand to copper catalyst, molar masses slightly higher than the theoretical ones were obtained. On the other hand, in both cases, the dispersities were narrow. Thus, even though the polymerization could also proceed using an equimolar ratio of the ligand, better control over the molar mass and slightly faster polymerization could be achieved using excess ligand. This finding indicates the possible participation of the tertiary amine in the photochemical reduction of the Cu II catalyst, as recently suggested for CuBr2 during the photoRDRP of acrylates [19] , even though in the latter case no polymerization of acrylates was observed when an equimolar ratio of CuBr2 and Me6TREN was used. To investigate the effect of the type of ligand used, three other ligands were evaluated. In all cases, the CuSO4·5H2O/ligand (L) ratio was maintained at 1/4. As shown in Table 1 , Entries 1-4, after 3 h of irradiation, a monomer conversion similar to that obtained for TPMA was observed for Me6TREN, which is known to form more active complexes in normal ATRP. In contrast, ligands such as PMDETA and HMTETA, which are known to form less active complexes, yielded lower conversions after 3 h of irradiation. This observation was also confirmed by kinetic studies (see Figure 4a) , in which similar rates of polymerization were obtained for the TPMA and Me6TREN ligands and slightly lower polymerization rates were obtained for the PMDETA and HMTETA ligands. However, a comparison of the dispersities after 3 h of polymerization (see Table 1 , Entries 1-4) revealed much broader dispersities for all three additionally tested ligands, i.e., Me6TREN, PMDETA and HMTETA, than the dispersity observed for TPMA. Kinetic studies also showed that the molar masses were higher than the theoretical ones for the Me6TREN, PMDETA and HMTETA ligands, and only when TPMA was used did the molar masses agree well with the theoretical ones (see Figure 4b) . 
Effect of CuSO4·5H2O Catalyst Concentration on Photopolymerization of MMA
In this section, the effect of the CuSO4·5H2O catalyst concentration in the range of 50-400 ppm was investigated while the concentrations of all other species, including the initiator and ligand, were held constant. A summary of the experiments is provided in Table 1 , Entries 1 and 5-7. The monomer conversion after 3 h was nearly the same regardless of whether 100, 200 or 400 ppm of catalyst with respect to the monomer was used. Nearly the same molar masses and dispersities were also obtained. This result suggests that regardless of the concentration of the catalyst, the solubility of the catalyst could be the limiting factor for both the polymerization rate as well as for the molar mass and dispersity evolution. On the other hand, reducing the catalyst concentration to 50 ppm (see Table 1 , Entry 7) led to a decrease in monomer conversion after 3 h of irradiation. At the same time, the molar mass was slightly higher than the theoretical one and the dispersity was slightly broader, despite still being below 1.3. Because in this case the ligand was in sixteen-fold excess, we further tried to reduce the ligand concentration to only four-fold excess to maintain a copper/ligand ratio of 1/4, as in the studies described in previous sections. As shown in Table 1 , Entry 8, this decrease in the ligand concentration led to a further decrease in the polymerization rate. At the same time, the difference between the experimental and theoretical molar masses was slightly higher. This finding confirmed the effect of the ligand concentration on the polymerization rate and the control of polymerization with respect to molar mass evolution described in the previous section. 
Chain Extension PhotoRDRP Using CuSO4·5H2O/TPMA Catalyst Complex
The living character of the photoRDRP catalyzed by CuSO4·5H2O/TPMA was demonstrated by the chain extension of a PMMA-Br macroinitiator. The PMMA-Br macroinitiator (Mn = 14,300 g/mol and Mw/Mn = 1.20) was prepared by photoRDRP under experimental conditions similar to those described above, with an MMA/BPN/CuSO4·5H2O/TPMA ratio of 200/1/0.04/0.16. The polymerization reaction was terminated after 3.5 h at 62% monomer conversion. Chain extension was then performed under identical experimental conditions with an MMA/PMMA-Br/CuSO4·5H2O/TPMA ratio of 600/1/0.12/0.48. A higher degree of polymerization was targeted in the chain extension polymerization to provide substantial separation between the macroinitiator and the extended polymer in the GPC traces. After 3 h (73% conversion), the chain-extended PMMA with Mn = 49,500 g/mol and Mw/Mn = 1.36 was obtained. As indicated by the GPC traces of the PMMA before and after the chain extension polymerization (Figure 5 ), the molar mass clearly increased after chain extension. A small tail could be observed, which suggests that some non-extended PMMA chains were present in the polymerization mixture. Considering that at the beginning of the polymerization no deactivator was present in the system until it was formed by the reaction of reduced copper with the initiator, some termination reactions can be expected. The range of the termination reactions should be, however, limited by the rather small amount of catalyst used. 
Effect of Copper Catalyst Structure on Photopolymerization of MMA
Because it was observed that the CuSO4·5H2O catalyst was able to control the polymerization of methyl methacrylate under photoRDRP conditions, the applicability of other copper compounds in photoRDRP was further investigated. Three different organic copper compounds, copper acetate (Cu(OAc)2), copper triflate (Cu(OTf)2) and copper acetylacetonate (Cu(acac)2), were investigated and compared with commonly used ATRP catalysts, such as CuBr2 and CuCl2. The advantage of the organic copper compounds is their better solubility in organic solvents and thus their ability to support polymerization in homogeneous systems. A concentration of 200 ppm of the catalyst and TPMA in four-fold excess with respect to the catalyst concentration was used in all experiments. A summary of the experiments is provided in Table 1 , Entries 9-13. The results show that for all tested copper catalysts, the monomer conversions after 3 h of irradiation were very similar, falling within the range of 55%-62%. Kinetic studies confirmed that the polymerization rate was almost the same for all tested copper catalysts (see Figure 6a) . In one of the previous sections, it was demonstrated that the CuSO4·5H2O catalyst was transformed in situ into CuBr2. The same polymerization rate for various copper catalysts confirmed this observation. As suggested by the schematic mechanism shown in Scheme 1, regardless of type of catalyst used, the Cu II X2/L complex, where X can be 1/2(SO4), OTf, OAc, acac, Cl or Br, must be photochemically reduced to form the Cu I X/L complex, which is able to react with alkyl bromide to form an alkyl radical and Cu Because the CuBr2 catalyst can be expected to form after the reduction of all of the copper catalysts studied, regardless of their structure, the polymerization will still be controlled by the CuBr/CuBr2/L catalytic system formed in situ. Slight differences in the evolution of the molar mass and dispersity were observed, where slightly higher molar masses and slightly broader dispersities were observed, mostly at lower conversions, for the CuSO4·5H2O and organic copper catalysts compared with those obtained for copper halides. The reason for this observation has already been discussed, i.e., the absence of the deactivator at the beginning of the polymerization. However, except for the cases in which CuCl2 or Cu(OAc)2 were used, for the other catalysts, the molar masses agreed well with the theoretical ones, and dispersities below 1.2 were obtained at higher monomer conversions.
It should also be noted that when 100 ppm of CuCl2/TPMA catalyst complex was used in combination with a chlorinated initiator, such as chloropropionitrile, only 5% monomer conversion was obtained after 3 h of irradiation and the obtained molar mass was much higher than the theoretical one (see Table 1 , Entry 14). Even after increasing the catalyst concentration to 500 ppm, only 18% monomer conversion was obtained after 6 h of irradiation, whereas a much higher molar mass than the theoretical one was obtained (see Table 1 , Entry 15). These results suggest that initiation (activation) of chloride-based initiators is not sufficiently fast to be applicable in the photoRDRP of methyl methacrylate.
Based on the submitted mechanism, the CuBr/CuBr2 equilibrium could be obtained by photochemical reduction of any copper catalyst prior to the addition of monomer and thus improved control over molar mass and dispersity could be achieved. Therefore, the CuSO4·5H2O/TPMA complex was first pre-irradiated in DMSO in the presence of BPN as an alkyl bromide initiator for 1 h to obtain the CuBr/CuBr2 equilibrium. Subsequently a MMA was added to initiate the polymerization. As shown in Figure 7 , the kinetic of polymerization was similar whether monomer was added before irradiation or after 1 h of irradiation. In the first case, slight curvature was observed due to progressive dissolving of the catalyst, as already described above, whereas in the case of pre-irradiation, the dependence from the beginning followed the first order kinetic due to achieving a more homogeneous system during pre-irradiation. A larger difference, however, was observed in development of dispersity. In the case of pre-irradiation, the polymer with narrower dispersity was obtained because the pre-irradiation led to formation of CuBr2 deactivator ensuring better control over the molar mass and dispersity. 
Conclusions
Poly(methyl methacrylate) with a well-defined molar mass and narrow dispersity was successfully prepared by photoRDRP using low-cost and widely available CuSO4·5H2O as a catalyst. DMSO and TPMA were found to be the most proper solvent and ligand, respectively, among all of the species investigated. A catalyst concentration of 100 ppm with respect to the monomer concentration was found to be sufficient to exert good control over the molar mass and dispersity. Further increasing the catalyst concentration did not lead either to an increase in the polymerization rate or improved control over polymerization due to the limited solubility of the catalytic complex in the DMSO/MMA mixture. On the other hand, the polymerization was faster and better controlled when excess ligand was used. In addition to CuSO4·5H2O, three other organic copper compounds, namely copper acetate, copper triflate and copper acetylacetonate, were investigated and compared to copper bromide and copper chloride catalysts. The polymerization rate, as well as control over the molar mass and dispersity of poly(methyl methacrylate), was nearly the same for all of the tested catalysts because in each case the polymerization was controlled by CuBr/CuBr2/L catalytic system formed in situ after the photochemical reduction of the investigated copper catalysts.
